monoglucosides, linamarin and lotaustralin, respectively, to their cyanohydrins (Fan and Conn 1985) . Two β-glucosidases catalyse this sequence. Linustatinase hydrolyses both diglucosides to their corresponding monoglucosides, and linamarase hydrolyses both monoglucosides to their corresponding cyanohydrins. The subsequent release of HCN from both cyanohydrins is also catalysed by a single enzyme. Albeit, the cyanohydrins are relatively unstable and HCN can be released spontaneously, especially at pH 7 or higher (Conn 1980) . In flax, immature fruit contain only the monoglucosides, the proportion of diglucoside compounds increases during fruit maturation, and mature seeds contain only the diglucosides (Frehner et al. 1990) .
The comparative, developmental study reported here examined the four cyanogenic compounds in seedlings of two inbred lines of flax that differ in growth rate, in plant size at maturity, and in the activity of the catabolic enzyme, linamarase (Fieldes and Gerhardt 2001) . Previous research had demonstrated systematic changes in linamarase activity during germination and cotyledon expansion, the retention of a relatively constant level of activity (per hypocotyl) during hypocotyl elongation, and consistently higher linamarase activity during germination in the more vigorous of the two flax lines (Fieldes and Gerhardt 2001) . Two aspects of the developmental profiles for linamarase activity in the flax lines delineated predictions about the role of the cyanogenic system in young seedlings. Firstly, linamarase activity increased during the first 12 h after the start of imbibition and then declined over the next 24-h period. It was postulated that this activity peak coincided with the release of nitrogen from the cyanogenic diglucosides stored in the seed. This interpretation predicts that the cyanogenic compounds in the seed are completely hydrolysed during germination, without accumulation of the monoglucosides, and that degradation profiles for the diglucosides may differ in the two lines, which develop at slightly different rates. Secondly, linamarase activity increased basipetally in the hypocotyl from no detectable activity in the top region to high activity at the bottom, suggesting that cyanogenesis in the lower region of the hypocotyl may protect seedlings from soil-associated pathogens. This interpretation of the activity gradient in the hypocotyl predicts that the cyanogenic compounds are also present in the lower region of the hypocotyl, but not in the upper region. To test these predictions, HPLC was used to quantify the cyanogenic compounds in germinating seedlings and seedling tissues of the two flax lines. The quantitative method was a modification of the method reported by Oomah et al. (1992) . Preparative procedures were also established to provide purified samples of the three cyanogenic compounds that are not commercially available.
Materials and methods
The two inbred flax lines, L and S, were derived from a fibre cultivar, 'Stormont Cirrus', and are referred to as Durrant's large (L) and small (S) genotrophs. The origins, derivation, and phenotypes of these lines are described elsewhere (Durrant 1971) . Two other flax lines, the oilseed cultivar 'Royal' (R) and the fibre cultivar 'Mandarin' (M), were also used in one aspect of the study. Seeds and seedlings were germinated and grown in glass Petri dishes lined with filter paper and supplied with deionized water. The experiments were grown under wide-spectrum growth lamps (model 20713, General Electric Co., Fairfield, Conn.;  130 µmol·m -2 ·s -1 , at seedling level) using a 16-h photoperiod and a constant temperature of 22-24°C.
To examine the developmental profiles of the cyanogenic compounds, three samples of each line were prepared every 12 h, from 0 (unimbibed seed) to 84 h, using five seeds or seedlings for each sample. Separate Petri dishes were used for L and S and for each sampling time. Each sample was assayed three times. The data (averages of the three assays) were analysed using one-way analyses of variance and orthogonal comparisons to break down the main component (the 16 combinations of two plant lines and eight sampling times); Fisher's orthogonal polynomials were used to examine the regressions of cyanogenic content on time.
To examine the distribution of the cyanogenic compounds in the tissues of 6-day-old seedlings, L and S were grown together in each of two large Petri dishes (replicates). At day 6, ten seedlings of each line, per replicate, were cut into four sections: the radicle, the bottom and top halves of the hypocotyl, and the cotyledons. The sections from the 10 seedlings were pooled, resulting in two replicates of the eight combinations of plant line and tissue type. Hypocotyl samples from 9-day-old seedlings were obtained in the same way from a separate experiment. The HPLC data (averages of three assays) were analysed using two-way analyses of variance. All coefficients of variation used to assess variability were corrected for small sample size (Sokal and Rohlf 1981) . The standard errors for means given in the figure legends were obtained from the error terms of the ANOVAs; the degrees of freedom for the error terms are indicated.
The seed and seedling extracts for HPLC analysis were prepared as follows: In step (a), each sample was frozen with liquid nitrogen, ground to powder in a mortar, dispersed in 40 mL of 80% MeOH, and sonicated for 30 min (Branson 1200 sonicator, Branson Ultrasonics Corp., Danbury, Conn.). Following centrifugation at 6000 r/min (1 r = 2π rad; 3000g) for 5 min, the supernatant was collected. In step (b), the supernatant was evaporated to dryness (using a rotary evaporator) and redissolved in 1mL mobile phase methanol:water : acetic acid (6:93.95:0.05). Internal standard (25 µL of 4 mg·mL -1 tertiary butyl alcohol in mobile phase) was added, and the sample was filtered (0.45 µm cellulose acetate Millipore filter, Millipore Corp., Bedford, Mass.) and stored at 4°C in a sealed vial until analysis.
The HPLC system consisted of a Waters 510 pump (Waters Corporation, Milford, Mass.) and a Beckman 156 refractive index (RI) detector (Beckman Instruments Inc., Fullerton, Calif.) (sensitivity of 2 × 10 7 mv/∆n, where ∆n is the differential RI) fitted with a three-way Hamilton valve that allows alternate flushing and filling of the reference and sample sides of the detector. The analytical column (Whatman 4.6 mm × 125 mm, 5 micron C-18, Whatman Inc., Clifton, N.J.) was wrapped with 1/16th inch (1 in = 25.4 mm) copper tubing and cross-connected to the detector heating ports on the RI detector. A thermal water pump (Haake, Thermo Electron Corp., Berlin) in a 20-L water bath maintained the column and detector at 24°C. A Rheodyne injector (Rheodyne, Rohnert Park, Calif.) and a 20-µL loop were used in the analytical determinations. At a flow rate of of 2 mL·min -1 . For the seed extracts, retention times were 12-14 min for linustatin and 18-20 min for neolinustatin. Individual fractions for these times were collected from multiple injections, pooled, evaporated to dryness, redissolved in 5 mL MeOH-H 2 O-HOAc (6:93.95:0.05), filtered through a 0.45-µm filter, and stored. Using the same column and procedure, the retention time for lotaustralin in the seedling extract was 16-18 min. This fraction was also collected from multiple injections, pooled, evaporated to dryness, redissolved in 5 mL, filtered, and stored.
Each compound was repurified using the same preparative column and MeOH-H 2 O-HOAc as the mobile phase. A flow rate of 2 mL·min -1 MeOH-H 2 O-HOAc (6:93.95:0.05) was used for linustatin (retention time 5-6 min) and for lotaustralin (retention time 22-24 min), and a flow rate of 3 mL·min -1 MeOH-H 2 O-HOAc (7:92.95:0.05) was used for neolinustatin (retention time 15-16 min). For each compound, fractions collected from multiple injections were pooled, evaporated to dryness, further dried for 2 h using a vacuum pump, weighed, redissolved, and used for the calibration curves.
Results

Cyanogenic glucoside content in seed
Seed samples contained only the diglucosides linustatin and neolinustatin, with no indication of either of the corre-sponding monoglucosides. For seed samples, the variability among the three samples for each line averaged 6.5%, and the total amount of the cyanogenic compounds in five seeds was approximately 155 µg for L and 78 µg for S (Table 1) . Based on an average number of seeds per gram (253 for L and 273 for S), the estimated amount of the cyanogenic compounds in 100 g seed was 784 mg for L and 428 mg for S.
Developmental profiles for the cyanogenic compounds
The developmental profiles for the four cyanogenic compounds were obtained for the period from 0 to 84 h after the start of imbibition. This period is characterized by germination (16-40 h), which is faster in L than in S (Fig. 1a , Table 2), and by hypocotyl and radicle elongation, both also faster in L than in S (data not shown). At 72 h, the cotyledons are not fully expanded, but the seed coats have usually been discarded, and the hypocotyl, which is longer in L than in S (Fig. 1b) with lower fresh mass in L (Fieldes and Gerhardt 2001) , is still elongating. In flax seedlings, the rate of elongation of the hypocotyl increases acropetally; upper regions of the hypocotyl elongate faster than lower regions (M.A. Fieldes, data not shown). Cotyledon fresh mass is 6%-7% lower in S than in L throughout development (Fieldes and Gerhardt 2001) .
During the period from 0 to 84 h, the amount of cyanogenic diglucosides decreased ( Figs. 2a and 2b) Note: F values from the analyses examine the difference between L and S. **, P < 0.01; *, P < 0.05; ns, not significant at P = 0.05. Table 2 . Differences between the L and S lines of Linum usitatissimum (flax) (i) during germination and early seedling growth, (ii) in the contents of the four cyanogenic compounds, and (iii) in the rates of changes in content with age.
higher in the top than in the bottom of the hypocotyl, and the linamarin content was higher in S than in L.
The relationship between the valine-derived and the isoleucine-derived compounds
The detection of differences between L and S in isoleucine-derived compounds but not in the valine-derived compounds was unexpected because the two types of compound are thought to share common metabolic pathways. To further examine the relationship between the two types of compounds, the relative contributions of the isoleucinederived compounds were examined (Table 4 ). Although the percentages of the isoleucine-derived compounds were usually higher in L than in S, the relationship between L and S changed during development. For example, the percentage of neolinustatin decreased during germination (0-48 h) and, because the decrease was faster in L than in S, the difference between L and S, which was significant at 12 h, was not significant at 48 h (Table 4a ). When the percentage of neolinustatin or lotaustralin differed in the two lines, it usually reflected an increase in the amount of the isoleucine-derived compound in L. An exception was seen in the top of the hypocotyl, where the percentage of lotaustralin was higher in L than in S because of the combined effects of higher lotaustralin content and also lower linamarin content. The percentage of lotaustralin in the seed of L was higher than the percentage in those of S and higher than the percentages seen in the seed of two other flax lines, 'Royal' (R) and 'Mandarin' (M) ( Table 4b ). In this comparison of L, S, R, and M, the seed stocks used had been collected from four experiments grown in different years, whereas the seed stocks of L and S used in the other studies had come from a single experiment. The variability for samples from different seed stocks (Table 4b ) was higher than the variability for different samples from the same seed stock (Table 1) . Sampling variability was also higher for seedlings sampled at 48-84 h than for those sampled at other times (Table 4a) . Data for the percentages of isoleucine-derived compounds were less variable than data for the cyanogenic compounds individually (Table 4 ).
Discussion
Modifications to the extraction and HPLC procedures
The method used by Oomah et al. (1992) was modified so that small samples could be used to quantify the amounts of the cyanogenic compounds in seeds and was extended to include analysis of the cyanogenic compounds in seedlings. The recovery of the cyanogenic content from five seeds was proportionally comparable to that obtained previously using 1 g of seeds (Oomah et al. 1992) , and there did not appear to be a cost in terms of sample variability in using the smaller sample size. Increasing the ratio of the extraction volume to tissue mass and replacing a filtration step with centrifugation probably helped maintain the recovery levels. An excess of liquid N 2 was used in the first step of the extraction to dry the seedling tissues and ensure that all of the samples were extracted at the same methanol concentration. The combination of liquid N 2 and extraction in 80% methanol minimized the possibility of enzymatic degradation of the cyanogenic compounds during sample preparation. In the HPLC method, the mobile phase was acidified using acetic acid rather than phosphoric acid. Acetic acid improved pH control, sharpened the chromatographic peaks, and was important for the purity of the standards (preparative method); phosphoric acid leaves a residue, whereas acetic acid is readily volatilised. Tertiary-butyl alcohol was chosen as the internal standard because it is not a normal component of the plant material and has a retention time in the middle of the range of the HPLC elution peaks for the cyanogenic compounds.
Differential responses in the valine-derived and isoleucine-derived compounds
Three aspects of the developmental profiles demonstrated differences in cyanogenic content between L and S that occurred in the isoleucine derivatives but not in the valine derivatives. Seeds of L contained more neolinustatin than seeds of S, neolinustatin was hydrolysed faster in L than in S during early germination, and the biosynthesis of lotaustralin in seedlings began earlier in L than in S. These differential responses in isoleucine compared with valine derivatives were unexpected because, except for the initial precursors, the two types of derivative are thought to be synthesized in a common pathway (Cutler et al. 1985; Hughes 1991) and degraded by the same hydrolytic enzymes (Fan and Conn 1985) . Furthermore, because the substrate specificity of purified flax linustatinase is higher for linustatin than for neolinustatin (Fan and Conn 1985) , the differential hydrolysis of linustatin rather than neolinustatin might have been expected. Although the differential hydrolysis of neo-(a) Tissue distribution and hypocotyl differences. Table 3 . Amount (µg/5 seedlings) of cyanogenic compound in tissues of 6-and 9-day-old seedlings in the L and S lines of Linum usitatissimum (flax). linustatin during the initial 36 h of imbibition is as yet unexplained, differences between L and S in neolinustatin content and in the rate of neolinustatin degradation suggest that the activity of linustatinase is higher in L than in S. Thus, the peak of linamarase activity during this period and the higher linamarase activity in L compared with S (Fieldes and Gerhardt 2001) may be substrate concentration responses, dependent on the lotaustralin being produced from the neolinustatin.
Potential role for cyanogenic compounds in seeds during germination
The developmental profiles suggest that two distinct processes occur during germination and early seedling growth: the hydrolysis of the diglucosides and, after about 36 h, the de novo biosynthesis of the monoglucosides. The early degradation of the neolinustatin without accumulation of lotaustralin is consistent with the idea that the cyanogenic compounds in the seed have a secondary function during germination. Both the higher neolinustatin content in seeds and the faster rate of neolinustatin degradation in L compared with S indicate that this compound could participate in regulating the rate of germination and may mediate the earlier germination seen in L.
The role of the cyanogenic compounds in the hypocotyl
The distribution of cyanogenic compounds did not support the prediction that the cyanogenic system in the hypocotyl protects seedlings from soilborne pathogens. Nevertheless, the inverse relationship between linamarase activity (Fieldes and Gerhardt 2001) and cyanogenic content in the top relative to the bottom of the hypocotyl (Fig. 3) continues to suggest that the cyanogenic compounds have a secondary role in the hypocotyl. In flax seedlings, the cyanogenic compounds are only synthesized in the cotyledons (Cutler and Conn 1981) . Thus, one possibility is that the inverse relationship occurs because these compounds are translocated to the hypocotyl, where they are hydrolysed by linamarase. In cassava, cyanogenic compounds produced in the cotyledons are translocated to the roots, where high levels of the monoglucosides accumulate (Selmar 1994) . In cassava, however, it is the diglucosides that are translocated; unlike the monoglucosides, the diglucosides are not hydrolysed by the linamarase in the hypocotyl (Selmar 1994) . In contrast, in flax seedlings, only relatively low levels of monoglucosides were detected in the root, and no diglucosides were detected in the hypocotyl (Fig. 3) . Furthermore, the cyanogenic monoglucosides were present in the top of the hypocotyl (Fig. 3 ) even though they would be unable to serve a protective role (a) Cyanogenic compound in tissue and stage. [1, 9] = 59.16** Hypocotyl top (day 6) 52.3 26.5 F [1, 9] = 82.42** Hypocotyl top (day 9) 51.4 29.3 F [1, 9] 39.2 F [1, 9] = 87.64** 35.1 44.7 F [1, 9] = 42.61** CV: linustatin = 36.1; neolinustation = 36.7; % neolinustatin = 5.5 Note: Coefficients of variation (CV) illustrate the average variability among the means for monoglucoside content, diglucoside content, and percentage of isoleucine-derived compounds for the ages shown. **, P < 0.01; ns, not significant at P = 0.05. a F values from the analyses examine the difference between L and S. b F values from the analyses examine the difference between Royal and Mandarin. Table 4 . Difference between the L and S lines of Linum usitatissimum (flax) in the relative content of the isoleucine-derived cyanogenic compounds, neolinustatin and lotaustralin, at different developmental ages and in different tissues.
